There is growing recognition that the elemental composition of genomes and proteins can be related to resource limitation. We examine the possibility that the elemental composition of nucleic acids and the amino acids (and proteins) they encode are correlated. We report a positive association between the stoichiometric ratio of N/C content of individual amino acids and their codons. Potentially, this is an outcome of chemical interactions between amino acids and anticodons that influenced the evolution of the genetic code. We also f ind a strong, positive relationship between N/C values of whole genomes and proteomes, across 94 prokaryotic species. This relationship is part of a spectrum in nitrogen versus carbon use across genomes and proteomes, which is correlated with genomic GC content. GC content is correlated positively with average nitrogen use, and negatively with average carbon use, across both genomes and proteomes.
INTRODUCTION
The five nucleotides used in nucleic acids and 20 amino acids used in proteins contain different quantities of important nutrients. Therefore, the composition of nucleic acids (McEwan et al. 1998 ) and proteins (Mazel & Marlière 1989; Baudouin-Cornu et al. 2001) influence nutrient use, and may be related to the availability of nutrients in the environment. In Escherichia coli and Saccharomyces cerevisiae, proteins used for assimilating elements (carbon and sulphur, as well as nitrogen in S. cerevisiae only) tend to be relatively poor in those elements (Baudouin-Cornu et al. 2001) . This probably helps organisms to use those elements sparingly when they are scarce (Baudouin-Cornu et al. 2001) .
Among different species of prokaryotes, the proportion of guanine plus cytosine base pairs in genomes (GC content) varies widely (ca. 25-75%; Sueoka 1961) . Elevated GC content has been related to atmospheric nitrogen fixation across species from eight genera of prokaryotes, and within genera of aerobic prokaryotes (but not within anaerobic genera) (McEwan et al. 1998) . This was attributed to GC bonds having eight nitrogen atoms whereas AT bonds contain only seven (McEwan et al. 1998) . However, greater use of nitrogen in GC bonds is probably not sufficient to drive this pattern alone, as a large proportion of whole-organism nitrogen is in proteins (Sterner & Elser 2002) .
This leads us to predict that prokaryotes with nitrogenrich (GC rich) genomes have nitrogen-rich proteomes. Among prokaryotes, GC content influences amino acid composition (Sueoka 1961) , such that amino acids with GC-rich codons are used more frequently by organisms with GC-rich genomes (Singer & Hickey 2000; Knight et al. 2001) . Therefore, a relationship between nitrogen content of whole genomes and proteomes would probably result from a correlation between the nitrogen content of amino acids and their codons. Associations between chemical properties of amino acids and their anticodons have been reported previously, and related to the evolution of the genetic code ( Jungck 1978; Lacey & Mullins 1983; see Knight et al. (1999) for a recent review of genetic code evolution). If these chemical properties of amino acids and anticodons are correlated with their atomic composition, this may lead to associations between amino acids and codons in their content of ecologically important elements.
We test the prediction that nitrogen use is correlated between whole genomes and proteomes, across 94 species of prokaryotes. We also examine the relationship between nitrogen content of individual amino acids and their codons. In examining these relationships we adopt the approach of ecologists (Sterner & Elser 2002) in considering the stoichiometric ratios of nitrogen : carbon atoms in these different molecules.
MATERIAL AND METHODS

(a) Codons and amino acids
We counted nitrogen and carbon atoms in the five nucleotides: A, C, G, T and U. These counts were added to obtain counts of nitrogen and carbon atoms in codons. This was carried out for three versions of codons: (i) single-stranded RNA (three nucleotides); (ii) single-stranded RNA, considering only nucleotides in the first two codon positions; and (iii) double-stranded DNA (six nucleotides). N/C values of codons ( C ) were calculated as the ratio of nitrogen atoms to carbon atoms for the codon. Nitrogen and carbon atoms were counted for each of the 20 coded amino acids, and N/C values ( AA ) were calculated as the ratio of nitrogen atoms to carbon atoms for each amino acid. We tested relationships between N/C values of amino acids and their codons (for single-stranded RNA codons with three nucleotides, and for double-stranded DNA codons; n = 61) using Spearman's rank correlation (SPSS v. 11.0) .
We obtained average hydrophobicity rankings for amino acids and for anticodonic dinucleoside monophosphates from Lacey & Mullins (1983) . We then tested relationships between N/C values of amino acids and their hydrophobicity rankings (n = 20), and between N/C values of codons (calculated based on the first two codon positions) and the hydrophobicity rankings of their anticodonic dinucleoside monophosphates (n = 16), using Spearman's rank correlation (SPSS v. 11.0).
(b) Genomes and proteomes
Counts of nucleotides A, C, G and T in genomes were obtained from the GenBank FTP site (ftp://ftp.ncbi.nih.gov/genbank/ genomes/Bacteria). Accession numbers are provided in electronic Appendix A. These counts were summed for multiple chromosomes, but plasmids were excluded to avoid uncertainties of copy number. Total numbers of nitrogen atoms and carbon atoms were then calculated for each genome. These are given by N G = l G (P G ϩ 7) and
, where l G is the length of the genome in base pairs, and P G is the guanine plus cytosine content of the genome, expressed as a proportion. Genomic N/C values ( G ) were calculated as the ratio of total nitrogen atoms to total carbon atoms for the genome, which is given by G = (P G ϩ 7)/(20 Ϫ P G ). Average nitrogen and carbon use per base pair were also calculated (N G /l G and C G /l G , respectively), and are given by N G /l G = P G ϩ 7 and
For the same prokaryotes, primary amino acid sequences were obtained for all open reading frames from The Institute of Genomic Nitrogen use in genomes and proteomes J. G. Bragg and C. L. Hyder S375 Research (TIGR) Web site (http://www.tigr.org/tigr-scripts/CMR2/ batch download.dbi). For each proteome, we counted the number of times each amino acid was used, summing amino acids in different chromosomes, and excluding plasmids. The total number of nitrogen atoms and carbon atoms in each proteome was then calculated (N P and C P , respectively) by summing atoms in all amino acids in the proteome. N/C values for proteomes were calculated as P = N P /C P . Average use of nitrogen and carbon per amino acid (N P /l P and C P /l P , respectively) were calculated, where l P is the total number of amino acids in the proteome. These calculations do not take into account differential levels of expression of proteins, or the fact that not all open reading frames that are identified will be transcribed and translated. Inferring nutrient use by organisms in proteins from these data carries the assumption that amino acids are expressed in similar proportions to their representation in the proteome.
We tested for relationships between variables: G and P ; N G /l G and N P /l P ; C G /l G and C P /l P ; N P /l P and C P /l P , using Spearman's rank correlation (SPSS v. 11.0) . These analyses were performed among the 94 species common to the NCBI and TIGR databases, as at 1 October 2003. Where multiple strains were available for a single species, one strain only was included in analyses, by selecting strains for exclusion at random. Prokaryotes were classified taxonomically as Archaea or Eubacteria, and into habitats as free living, or capable of living as animal and/or plant symbionts (where symbionts may be pathogens, commensals or mutualists). For most species, this information was taken from Dworkin (2003) . Primary literature sources were used for species not found in Dworkin (2003) (see electronic Appendix A).
RESULTS AND DISCUSSION
N/C values of codons ( C ) and amino acids ( AA ) are correlated positively, where C is calculated for singlestranded RNA codons (n = 61, r S = 0.53, p Ͻ 0.001; figure  1a ). There is a strong, positive correlation between the N/C values of codons and the average hydrophobicity rankings of their anticodonic dinucleoside monophosphates (n = 16, r S = 0.97, p Ͻ 0.001), and between N/C values of amino acids and their average hydrophobicity rankings (n = 20, r S = 0.76, p Ͻ 0.001). Taken together, these three relationships are consistent with the positive correlation between average hydrophobicity rankings of amino acids and their anticodonic dinucleoside monophosphates (Lacey & Mullins 1983) . This suggests the correlation between the N/C content of codons and their amino acids may be an outcome of chemical interactions between amino acids and anticodons that influenced the evolution of the genetic code (Lacey & Mullins 1983) . The correlation between N/C values of amino acids and their codons also holds significantly, but is less strong, for the double-stranded DNA version of the codons (n = 61, r S = 0.38, p = 0.002; figure 1b ).
There is a strong, positive relationship between N/C values of whole genomes ( G ) and proteomes ( P ) across species (n = 94, r S = 0.90, p Ͻ 0.001; figure 2a) . This is probably a result of the relationship between N/C values of amino acids and codons, and the influence of GC content on amino acid frequencies (Sueoka 1961; Singer & Hickey 2000; Knight et al. 2001) .
Further, for both nitrogen and carbon atoms, average atomic count per base pair and average atomic count per amino acid are positively related (n = 94, r S = 0.63, p Ͻ 0.001; figure 2b; and n = 94, r S = 0.88, p Ͻ 0.001; figure 2c, respectively) . However, average nitrogen use in genomes and proteomes are both correlated positively with GC content, whereas average carbon use in genomes and proteomes are correlated negatively with GC content ( figure 2b,c) . This suggests that there is a negative relationship between nitrogen and carbon use among genomes and among proteomes. For the genome, this relationship is given by N G /l G = ϪC G /l G ϩ 27 (figure 2d ). Note that no variation around this relationship is possible. Among proteomes, there is also a negative relationship between average use of nitrogen and carbon, but deviation about this relationship is possible (n = 94, r S = Ϫ0.50, p Ͻ 0.001; figure 2e ). These results describe a spectrum among prokaryote genomes and proteomes in nitrogen versus carbon use. Across this spectrum, one might predict that animal symbionts would have greater N/C in both genomes and proteomes than plant symbionts, as the tissues of animals often have greater N/C content than plant tissues (Sterner & Elser 2002) . However, there is no evidence to support this prediction and, if anything, the mean N/C values in genomes and proteomes are higher for plant symbionts than animal symbionts (mean ± s.e.; animal symbiont G = (a) N/C content of whole genomes ( G ) and proteomes ( P ) are correlated positively. For (b) nitrogen atoms and (c) carbon atoms, average atomic counts per base pair in genomes (N G /l G and C G /l G , respectively) and average atomic counts per amino acid in proteomes (N P /l P and C P /l P , respectively) are correlated positively. However, (b) average nitrogen content of genomes and proteomes are associated positively with GC content (P G ), whereas (c) average carbon content of genomes and proteomes are associated negatively with GC content (P G ). Average nitrogen atom counts and average carbon atom counts are associated negatively among (d ) genomes (per base pair, N G /l G and C G /l G , respectively) and (e) proteomes (per amino acid, N P /l P and C P /l P , respectively). For the genome, this relationship is given by 0.378 ± 0.001 and P = 0.267 ± 0.001, n = 53; plant symbiont G = 0.392 ± 0.002 and P = 0.281 ± 0.002, n = 10; see also figure 2a). It is therefore unclear whether variation in GC content among prokaryotes is related adaptively to constraints on the availability of nitrogen and carbon in the environment. Previously, variation in GC content among prokaryotes has been related to pressures including mutation bias (Sueoka 1962 (Sueoka , 1988 Muto & Osawa 1987) , exposure to ultraviolet radiation (Singer & Ames 1970) , aerobiosis (Naya et al. 2002) and atmospheric nitrogen fixation (McEwan et al. 1998) . Atmospheric nitrogen fixation is related to elevated GC content, which was attributed to the greater expenditure of nitrogen in GC bonds (McEwan et al. 1998) . We provide support for this hypothesis by showing that species with a high use of nitrogen in their genomes are also likely to have a high use of nitrogen in their proteomes (figure 2). This emphasizes the notion that variation in GC content among species influences nitrogen and carbon use in genomes and proteomes, and may have significant implications for the ecology and evolution of prokaryotes, whether or not it reflects an evolutionary response to constraints in nitrogen or carbon availability.
Note added in proof. Following acceptance of this paper, it came to our attention that Baudouin-Cornu et al. (2004) independently studied relationships between genomic GC content and the atomic content of whole proteomes. We find it encouraging that a strong association between GC content and average carbon use in proteomes was found in both investigations, despite differences in the methods used to calculate average atomic use in proteomes.
